SUMMARY Echocardiography was performed in 62 patients -20 with truncus arteriosus, 14 with tetralogy of Fallot, and 28 with pulmonary atresia with ventricular septal defect. Features common in all three groups were: large single systemic arterial trunk overriding the ventricular septum, mitral-semilunar continuity, large right ventricular dimension, and normal septal motion. Indocyanine green contrast flow patterns were similar and were most helpful in detecting an associated atrial septal defect and in studying the timing and pattern of right-to-left shunting. Echo-phonocardiographic studies revealed THE ROLE OF ECHOCARDIOGRAPHY in the diagnosis of truncus arteriosus, tetralogy of Fallot, and pulmonary atresia with ventricular septal defect has not been fully defined. All these entities are described as showing a large systemic artery overriding the ventricular septum. This anatomic arrangement produces a characteristic echocardiographic feature that has been a reproducible hallmark of these cyanotic congenital cardiac lesions' ( fig. 1 A) .
THE ROLE OF ECHOCARDIOGRAPHY in the diagnosis of truncus arteriosus, tetralogy of Fallot, and pulmonary atresia with ventricular septal defect has not been fully defined. All these entities are described as showing a large systemic artery overriding the ventricular septum. This anatomic arrangement produces a characteristic echocardiographic feature that has been a reproducible hallmark of these cyanotic congenital cardiac lesions' ( fig. 1 A) .
The purpose of this study was to assess the usefulness of echocardiography in the clinical evaluation of patients with truncus arteriosus, tetralogy of Fallot, and pulmonary atresia with ventricular septal defect, and also to determine whether any of the echocardiographic features, in particular, left atrial dimension, would permit differentiation of these entities from each other. Patients with double-outlet right ventricle were excluded from this study.
Material and Methods
The distribution and descriptions of 62 patients with truncus arteriosus (20) , tetralogy of Fallot (14) , and pulmonary atresia with ventricular septal defect (28) are shown in tables 1 through 6. The patient population analyzed in this study included 20 patients with truncus arteriosus, whose ages ranged from one month to 21 years (11 males and nine females). There were 15 patients with truncus arteriosus type I and five patients with type II. Truncal valve insufficiency was present in 12 of these patients. Previous pulmonary artery banding had been performed in 11 patients; this was that the ejection click coincided with the point of maximal opening of aortic or truncal valve. Left atrial dimension was measured in 55 patients and was normal or small in 41 patients and large in 14 patients. Our observations indicate that left atrial dimension provides a good index of pulmonary flow and can help differentiate those patients with increased pulmonary flow (truncus arteriosus) from those patients with reduced pulmonary flow (tetralogy of Fallot and pulmonary atresia with associated ventricular septal defect).
bilateral in seven patients and unilateral (left pulmonary artery only) in four.
Of the 14 patients with tetralogy of Fallot, ten were males and four females, aged five months to 26 years. Previous shunt procedures had been performed in six patients: the Potts anastomosis in four and the Waterston anastomosis in two.
Of the 28 patients with pulmonary atresia with associated ventricular septal defect, 14 were males and 14 females, aged ten months to 40 years. Shunt procedures had been performed in 11 patients.
The diagnosis in the three groups of patients was confirmed by cardiac catheterization and angiocardiography. In 42 patients, surgical or autopsy confirmation of intracardiac anatomy was also available (15 with truncus arteriosus, 13 with tetralogy of Fallot, and 14 with pulmonary atresia). For more detailed individualized clinical and hemodynamic data, see tables 1, 2 and 3.
Standard M-mode echocardiograms were obtained with an Ekoline 20 ultrasonoscope interfaced with a Honeywell or Cambridge multichannel strip chart recorder. With a previously described echocardiographic technique, 8 ' echoes of all valves, great artery, ventricular septum, and complete apex-to-base scans of the left ventricle were obtained in all patients. The patients were examined in the recumbent position, and for most echocardiographic examinations, a 1.3 cm diameter, 2.25 MHz, 7.5 cm focused transducer was used.
Initially the transducer was placed along the left sternal border in the third or fourth intercostal space and the mitral valve echo was identified. From this position the transducer was tilted inferior and lateral to the mitral valve echo, and the left and right ventricles were identified at chordae tendineae level. At this level, ventricular septal motion was assessed and the ventricular dimensions were measured. The right ventricular dimension at end diastole was measured The aortic or truncal root end-diastolic dimension (diameter) was measured in 56 of 62 patients and was found to be larger than the normal range in all by an average of 1.5 cm in truncus arteriosus (range 0.7 to 2.8 cm), 1 cm in tetralogy of Fallot (range 0.2 to 2 cm), and 1 cm in pulmonary atresia with ventricular septal defect (range 0.4 to 2.7 cm). The aortic or truncal root dimension was equal to or greater than 3 cm in all patients with truncus arteriosus, except for one patient, who was only one month old ( fig. 1 B) ; in nine of the 14 patients with tetralogy of Fallot; and in 22 of the 28 patients with pulmonary atresia and ventricular septal defect. The entire systolic excursion of two cusps of the aortic or the truncal valve was recorded in 31 patients, and it exceeded the maximal excursion of the normal aortic valve by a mean of 0.7 cm in truncus arteriosus (range 0.3 to 1.1 cm), 0.8 cm in tetralogy of Fallot (range 0.4 to 1.4 cm), and 0.8 cm in pulmonary atresia with ventricular septal defect (range 0.2 to 1.2 cm). The entire excursion of only one cusp was recorded in 21 patients (posterior cusp in 19 patients and anterior cusp in two patients). The excursion of this single leaflet was also large; it equaled or even exceeded the excursion of a normal aortic valve. In the remaining ten patients, only flickers of the semilunar valves were recorded. Fluttering of the truncal valve was noted in two patients who had truncal valve insufficiency. It should be noted here that, except for one patient with tetralogy of Fallot, we were unable to record a pulmonic valve echo in any of the remaining patients.
The echocardiographic finding of a systemic arterial trunk (aorta or truncus) overriding the ventricular septum was present in 16 of 20 patients with truncus ( fig. 1 A and B ), all patients with tetralogy ( fig. 1 C) , and 22 of 28 patients with pulmonary atresia and ventricular septal defect (figs. 1 D and 2). The degree of aortic or truncal root override averaged 1.7 cm in truncus arteriosus (range 1.0 to 2.0 cm); 1.7 cm in tetralogy of Fallot (range 1.2 to 2.0 cm); and 1.5 cm in pulmonary atresia with ventricular septal defect (range 0.6 to 2.2 cm).
In six patients the anterior wall of the systemic arterial trunk (truncal or aortic root) could not be identified. However, the presence of systemic arterial trunk overriding the ventricular septum could be assessed. In these instances the override was characterized by merging of the ventricular septal echo with the echoes of the semilunar valve leaflets during diastole.
To define the origin of the ejection click in nine patients four with truncus arteriosus, four with pulmonary atresia with ventricular septal defect, and one with tetralogy of Fallot we obtained echo-phonocardiographic correlations. The maximal excursion of the posterior cusp of the semilunar valves was defined by echocardiography and was correlated with the ejection click recorded on the simultaneously obtained phonocardiogram ( fig. 3 A and B) . In all nine patients we found that the ejection click coincided with full opening of the truncal or the aortic valve (fig. 4) The ventricular septal motion at the chordae level could be analyzed in 54 of 62 patients. In 53 of 54 patients the motion was normal (systolic posterior motion), irrespective of the presence of an associated atrial septal defect (11 patients) or truncal valve insufficiency with predominant regurgitant flow into the right ventricular chamber. In one patient with tetralogy of Fallot and severe tricuspid valve incompetence, paradoxic septal motion was present.
The diastolic thickness of the ventricular septum could be measured in 46 of 62 patients, and the dimensions were in the normal range (0.4 to 0.8 cm; mean 0.6 cm) in all except 13 patients, who had a slightly increased septal thickness (range 0.9 to 1.3 cm; mean 1.0 cm). In two of these 13 patients, the ratio of the septal thickness to left ventricular posterior wall thickness was 1.3.
Ventricular Dimensions
The right ventricular dimension was increased in 44 patients, normal in seven patients, and could not be adequately measured in 11 patients. On the other hand, the in- 
Left Atrial Dimension
The end-systolic dimension of the left atrial chamber was measured in 55 of 61 patients and was found to be normal or small in 41 patients and increased in 14 . In 17 patients with truncus arteriosus, left atrial dimension was normal or small in ten patients and large in seven. The ten patients with normal or small left atrial dimension had a mean pulmonary-tosystemic flow ratio (Qp/Qs) of 0.99 (range 0.5 to 1.6). Nine of these ten patients had had pulmonary artery banding (five bilateral and four unilateral) and one patient had severe pulmonary vascular obstructive disease. Of the seven patients with large left atrial dimension, five had increased pulmonary-to-systemic flow ratios of 2.2, 2.8, 3.1, 3.4, and 4. Two of the seven with a large left atrium, however, had pulmonary-to-systemic flow ratios of 1.1 and 0.8. Both of these patients had severe truncal valve incompetence and congestive heart failure with elevated ventricular enddiastolic pressure and left atrial pressure. Direct left atrial pressure was measured in one of these patients and the mean pressure was 22 mm Hg.
The left atrial size was normal or small in six patients and increased in one patient with tetralogy without previous shunt procedures. These six patients had decreased pulmonary flow (Qp/Qs range 0.2 to 0.8; mean 0.5). The seventh patient (increased atrial dimension) had a pulmonary-to-systemic flow ratio of 1.5 and aortic valve insufficiency. On the other hand, of six patients with previous shunt procedures, three with large left atrial chambers had increased Qp/Qs (2.1, 2.8, and 3.7) and three with normal left atrial dimension had low-normal Qp/Qs (0.6, 0.7, and
1.1).
Of the 25 patients with pulmonary atresia and ventricular 668 CIRCULATION After the caval injection of dye, a cloud of echoes first appeared in the right ventricle during diastole and outlined the right ventricular cavity (fig. 6 ). During subsequent systole, no echoes appeared in the left ventricle; instead, the cloud of echoes was seen in the left ventricle during the early diastolic phase of the subsequent cardiac cycle. These echoes appeared anterior to the mitral valve (in the left ventricular outflow tract) and the mitral valve funnel remained echofree. Further elucidation of the phase of the cardiac cycle during which this intracardiac right-to-left shunt occurred was obtained with the use of simultaneous echo-phonocardiography in conjunction with injection of indocyanine green dye. This approach clearly revealed that the right-toleft shunt at the ventricular level commenced during the isovolumic relaxation phase of the cardiac cycle (that is, after the aortic closure and before the opening of the mitral valve) ( fig. 6 ).
In all three conditions, similar dye flow patterns were recorded when dye was injected in the superior and the inferior vena cava, except for six patients (three with truncus arteriosus and three with tetralogy of Fallot) in whom the caval injection of dye produced a different type of flow pattern ( fig. 7) . In these patients, a cloud of echoes appeared simultaneously in the right and the left ventricular chambers during diastole; however, unlike the previous pattern, the cloud Truncal valve incompetence was assessed by supravalvular injection of dye in six patients. All these patients had angiographic evidence of truncal valve incompetence, which was also confirmed at the time of surgical exploration. For detection of the regurgitant pattern, the transducer was oriented to visualize the right ventricle, ventricular septum, and left ventricle. In four of the six patients, a cloud of echoes appeared simultaneously in both ventricular chambers during diastole and in one it appeared only in the right ventricular chamber. In all patients, the contrast effect appeared predominantly in the anterior chamber, suggesting a preferential regurgitant flow to the right ventricle.
Postoperative Echocardiographic Studies
Ten patients have had echocardiographic studies after complete intracardiac repair (two with truncus arteriosus, five with tetralogy of Fallot, and three with pulmonary atresia and ventricular septal defect). Although in all patients continuity between the anterior wall of the systemic arterial trunk and the ventricular septum was recorded, the anterior displacement of the arterial trunk over the septum could still be observed ( fig. 8) . FIGURE 6. Twenty-one-year-old man with type I truncus arteriosus (same patient as in fig. 3 ). After injection of indocyanine green into superior vena cava, a cloud of echoes first appears in right ventricular chamber and then, after subsequent ventricular systole, appears in left ventricular chamber during early diastole. 
Discussion
The diagnosis of truncus arteriosus, tetralogy of Fallot, and pulmonary atresia with ventricular septal defect as described in this paper is suggested by several echocardiographic features. Thus, a large systemic arterial trunk (either aortic or truncal root) appears to override the ventricular septum. The valve cusps of the overriding great artery show wide systolic opening. The right ventricular enddiastolic dimension is increased, whereas septal motion and the ventricular septal/left ventricular posterior wall ratio are normal, as are the left ventricular end-diastolic dimension and the atrioventricular valve motion (unless semilunar valve incompetence is present). Continuity can be seen between the echoes from the anterior mitral valve leaflet and those from the posterior wall of the aorta or truncus. Echocardiographic contrast flow patterns are similar in all three entities.
The echocardiographic feature that most unifies these three conditions is the presence of a great artery overriding the ventricular septum. However, there were exceptions to this rule. Four patients with truncus arteriosus and six patients with pulmonary atresia with ventricular septal defect demonstrated no gross override. These findings may have a valid anatomic explanation. In a series reported by Hallermann and associates"2 involving angiocardiographic findings in truncus arteriosus, the common trunk appeared to override the ventricular septum in 23 of 27 patients. In the remaining four patients, there were various degrees of displacement of the truncal root over the left ventricular chamber. This observation is compatible with our echocar-L AW FIGURE 7. Eleven-year-old boy with truncus arteriosus, type I. However, we have also observed that in certain cases the lack of override on the echocardiogram may result from unusual transducer positions (usually low on the chest). We were able to produce both continuity and discontinuity between the anterior wall of the aortic root and the ventricular septum in two patients. Furthermore Recently, Carter and Bowman"7 reported on the estimation of shunt flow in isolated ventricular septal defect by echocardiography. Thereafter, Silverman and associates'8 and Sahn and coworkers'9 indicated the possibility of assessing the degree of left-to-right shunt with pulmonary flow by estimating the left atrial/aortic root (LA/Ao) dimension ratio in patients with ventricular septal defect and patent ductus arteriosus. The patients in these groups had LA/Ao dimension ratios of 1.28 ± 0.23 (SD) and 1.14 ± 0.1, respectively, and in both studies such values were significantly higher than normal. Brown and associates20 had also found that in patients with a known cause for left atrial enlargement, the LA/Ao dimension ratio was equal to or greater than 1.17; however, in patients with dilatation of both the aortic root and the left atrium, the LA/Ao dimension ratio was less than 1.17. This was precisely the case in all of our patients with large left atrial chambers; indeed, when the LA/Ao dimension ratio was applied, it was found to range from 0.64 to 1.18 (mean 0.93). Brown pattern. In patients with severe tetralogy, pulmonary atresia with ventricular septal defect, and truncus arteriosus, the right-to-left shunt into the left ventricle appeared to occupy most of the diastolic phase of the cardiac cycle. In patients with associated atrial septal defect, the echocardiographic contrast studies have proved helpful in detecting this defect.
Competence of the truncal valve can be assessed from injection of indocyanine green dye above the truncal valve. The regurgitant cloud of echoes correlated well with the angiographic estimation of truncal valve incompetence, except in one patient with minimal truncal valve incompetence who showed no evidence of regurgitation by indocyanine green contrast studies. All other patients with aortic or truncal root incompetence revealed a cloud of echoes appearing in the right ventricle or in both ventricular chambers. There was evidence of preferential regurgitant flow to the right ventricle in all patients with truncal root incompetence. This has been previously demonstrated by angiocardiographic studies from our laboratory.'2 The origin of ejection sounds is believed to be valvular in the case of semilunar valve stenosis and vascular in the presence of pulmonary or systemic hypertension. In patients with aortic valve disease, Waider and Craige22 have shown, by echo-phonocardiographic correlations, the coincidence of aortic ejection sounds with the achievement of full opening of the abnormal valve. Our study indicates that in patients with truncus arteriosus, tetralogy of Fallot, and pulmonary atresia with ventricular septal defect the ejection click occurs in association with opening of the semilunar valve and, therefore, is most probably of valvular origin. We believe that the ejection click in these entities occurs in association with opening of the valves, with consequent acceleration of a column of blood which, in turn, results in vibrations of the cardiohemic system and audible sounds.
In conclusion, even though the echocardiographic features of the three entities studied have been similar, they are different from those of all other congenital cardiac lesions and are helpful in narrowing the differential diagnosis in patients with congenital heart disease. The echocardiographic contrast studies have given us a better insight into the pathophysiology of dye-flow dynamics in patients with rightto-left shunt at the atrial and ventricular levels, and have provided another method for detection of associated atrial septal defect and truncal valve insufficiency. Echophonocardiographic studies helped to elucidate the valvular origin of the ejection click in all three groups. Finally, our observations also indicate that left atrial dimension provides a good index of pulmonary flow and hence helps differentiate patients with truncus arteriosus from those with tetralogy of Fallot and pulmonary atresia associated with ventricular septal defect and reduced pulmonary flow.
